Abstract: New estimates of greenhouse gas emissions from Canadian forest fires were calculated based on a revised model for fuel consumption, using both the fire fuel load and the Drought Code of the Canadian Forest Fire Weather Index System. This model was applied to future climate scenarios of 2ÂCO 2 and 3ÂCO 2 environments using the Canadian Global Climate Model. Total forest floor fuel consumption for six boreal ecozones was estimated at 60, 80, and 117 Tg dry biomass for the 1ÂCO 2 , 2ÂCO 2 , and 3ÂCO 2 scenarios, respectively. These ecozones cover the boreal and taiga regions and account for about 86% of the total fire consumption for Canada. Almost all of the increase in fuel consumption for future climates is caused by an increase in the area burned. The effect of more severe fuel consumption density (kilograms of fuel consumed per square metre) is relatively small, ranging from 0% to 18%, depending on the ecozone. The emissions of greenhouse gases from all Canadian fires are estimated to increase from about 162 TgÁyear -1 of CO2 equivalent in the 1ÂCO2 scenario to 313 TgÁyear -1 of CO2 equivalent in the 3ÂCO2 scenario, including contributions from CO2, CH4, and N2O.
Introduction
Fire burns about 20 000 to 30 000 km 2 of forest annually in Canada, with about 88% of this in the boreal and taiga forest regions (Stocks et al. 2002) . This represents an average of 0.7% of the boreal and taiga forest being burned annually. The area burned in Canada has been increasing over time (Podur et al. 2002) , with the last two decades having about double the area burned compared with the previous two decades (Stocks et al. 2002) . Fire is a major driver of the carbon balance in Canada's forests through its role in forest renewal and determination of the age of forest stands (Kurz and Apps 1999; Harden et al. 2000; Bond-Lamberty et al. 2007; Kurz et al. 2008 ).
The impact of fire on the carbon cycle, with subsequent climate change implications, can be separated into two major processes. First, carbon is released during the fire through combustion. Much of this carbon is lost as carbon dioxide (CO 2 ), but substantial amounts of carbon monoxide (CO) and methane (CH 4 ) can also be released (Cofer et al. 1998; Rinsland et al. 2007 ). These direct releases contribute to increases in greenhouse gases in the atmosphere and cause pollution episodes in the downwind smoke plume (Wotawa and Trainer 2000; Forster et al. 2001; Park et al. 2003) . The second major process is the carbon dynamics of the postfire forest. This process involves a young growing forest that has a changing rate of net ecosystem production (NEP) as it develops towards maturity. In general, young forests have lower NEP than intermediate-aged and older forests (Amiro 2001; Litvak et al. 2003; Coursolle et al. 2006) . These two processes result in an immediate carbon loss from the forest following fire, with a slow recovery of carbon as NEP increases over a period of decades. The assessment of postfire carbon dynamics in boreal forests is being actively studied by several groups of researchers to address both the current role of fire and the implications of changes to fire regimes in the future. These studies include the measurement of direct carbon exchange between the for-est and the atmosphere from flux towers (e.g., Amiro 2001; ) and the use of carbon inventories along chronosequences (Wang et al. 2003; Bond-Lamberty et al. 2007) . The challenges are to understand the role of sitespecific factors and the successional development of vegetation, which can both be highly variable, even in a small geographic area. Another factor that must be taken into account is interannual variability, which is driven by fluctuations in weather conditions (Chen et al. 1999; Barr et al. 2002) . The uncertainty is still relatively large in our ability to integrate across large forest areas for any short time period. Also, inventory methods that integrate over large areas and longer times indicate that postfire dynamics are very important (Kurz and Apps 1999) . Hence both combustion and postfire dynamics must be considered in a full assessment of the impact of fire on the carbon balance. In addition, the fire regime dictates the state of the forest ecosystem, including stand age structure and carbon pools. These system feedbacks between fire and forest development control both the carbon available for combustion and the fuels that determine fire behaviour.
Several assessments have estimated the direct combustion emissions from forest fire in boreal regions. These have been done for Alaska (French et al. 2003) , Siberia (Kajii et al. 2002; Soja et al. 2004) , and the whole boreal region (Kasischke et al. 2005; Balshi et al. 2007 ). Many assessments use remote sensing techniques to estimate the area burned in a given period, whereas some use mapping data from fire agencies based on a variety of mapping methods. In either case, the area-burned estimates are combined with an estimate of fuel consumption to calculate total emissions from a region. There are basically two techniques commonly used to calculate fuel consumption density (kilograms of dry fuel per square metre). The first of these is to estimate the fraction of fuel that is normally consumed during a fire in a region, based on measurements of a population of fires, combined with knowledge of available fuel. This technique has been widely used in estimates for Alaska (French et al. 2003) and Siberia (Soja et al. 2004) , and a thorough discussion is provided by Kasischke and Penner (2004) . This method requires a good knowledge of both available fuel inventory and fractional losses. In principle, it does not consider fire weather, which is known to directly determine the depth of burn of a fire (Forestry Canada Fire Danger Group 1992) . However, the fractional fuel consumption is sometimes adjusted based on fire severity (Kasischke and Bruhwiler 2003) , which provides some qualitative input based on weather.
An alternative approach is to include information about fire weather to directly estimate fuel consumption. Previously, Amiro et al. (2001) used the Canadian Forest Fire Behaviour Prediction System (FBP, Forestry Canada Fire Danger Group 1992) to estimate fuel consumption from Canadian fires for 1959-1995. This system estimates fuel consumption density based on relationships that have been developed between fire weather and the fuel consumed during both experimental fires and wildfires. Decades of observations by scientists and fire management personnel have established that the depth of burn depends on the dryness of the surface fuels. In particular, it is possible to have large fires in the spring without them burning deeply, whereas late summer fires are generally more severe (deeper burning). For most Canadian fuel types, the relationship between weather and fuel consumption can be estimated using component values of the Canadian Forest Fire Weather Index (FWI) System (Van Wagner 1987) . This includes the Buildup Index, which is an indicator of the amount of fuel available for combustion by a moving flame front. This index is a combination of the Duff Moisture Code and the Drought Code, which are indicators of the moisture content of loosely compacted surface organic material and deeply compacted organic layers, respectively. In particular, the Drought Code has a distinct drying trend through the season , demonstrating that weather needs to be taken into account to estimate emissions. This approach has also been used recently by Turquety et al. (2007) .
Peatland fires also show significant correlation with components of the FWI System, especially the Duff Moisture Code and the Drought Code (Turetsky et al. 2004 ). This relationship supports the concept that the dryness of the fuel partly dictates the amount of consumption. Although there may be upland areas where fire can be sufficiently severe to consume all organic material, these areas mostly occur on thin soils, often on the boreal and taiga shield. In most areas, the depth of burn is limited by deeper moist fuels or by a lack of oxygen for combustion.
The evidence that fire weather influences fuel consumption density in Canadian boreal fires is strong, with fire management strategies and prescriptions for prescribed fires incorporating fire weather parameters. A concern that follows from this relationship is the potential for a warmer and drier climate to increase fuel consumption in the future. Flannigan et al. (2005) estimated that the area burned in Canada could potentially double in a 3ÂCO 2 environment, a condition that is likely to occur by about 2100 (Solomon et al. 2007 ). In addition, the fire season may lengthen, increasing the period during which fires occur (Wotton and Flannigan 1993 ). In the current paper, we evaluate the potential effects of climate change on forest floor fuel consumption by forest fires. This is done by incorporating our best knowledge on changes in area burned and on forest floor fuel consumption density. The objective is to provide projections that can be used to understand some climate feedbacks that may increase atmospheric loading of gases and particulate matter. Findings that indicate an increase in greenhouse gases will have global implications because of the large area burned in Canada.
Methods

Estimates of future area burned
We work on an ecozone basis ( Fig. 1) , as has been done in previous analyses of fire in Canada Stocks et al. 2002; Flannigan et al. 2005 ). This approach allows regional comparisons that are used to differentiate current from future climate and to determine the role of landscape features. We focus on ecozones representing much of the Canadian boreal and taiga regions where fire is prevalent. These are the Taiga Plains, Taiga Shield, Boreal Shield, and Boreal Plains ecozones. As in previous analyses, we have split the Boreal Shield and Taiga Shield ecozones into east and west regions because of differences in fuel types and fire occurrence . These ecozones represented 88% of the area burned in Canada from 1959 to 1997 (Stocks et al. 2002) . Flannigan et al. (2005) used data from daily runs from the Canadian and Hadley Centre Global Climate Models (GCMs) to project future area burned for Canada. They found that monthly averaging gave the best regressions between the estimate of area burned for the GCM and the actual area burned for the 1959-1997 period. The regressions were based on a mixture of between one and four fire weather variables, including mean air temperature, maximum air temperature, total precipitation, minimum relative humidity, Fine Fuel Moisture Code, maximum Fine Fuel Moisture Code, Duff Moisture Code, maximum Duff Moisture Code, Drought Code, Initial Spread Index, daily severity rating, and Fire Weather Index. The strength of these relationships depended on the ecozone. The regressions were significant, with between 36% and 64% of the variance in area burned explained. We used the approach developed by Flannigan et al. (2005) to derive equations relating monthly area burned to weather and fuel moisture indexes using stepwise regression (SAS Institute Inc. 2000) . Table 1 shows the equations by ecozone. The equations are slightly different from those used in Flannigan et al. (2005) because the study areas were different and the period used in this study was longer . These relationships were used to estimate area burned for three scenarios, all using the Canadian GCM version CGCM1. The model includes both greenhouse gas and sulphate aerosol forcing and has a grid spacing of about 3.758 latitude by 3.758 longitude. The 1ÂCO 2 scenario was based on the 1975-1995 period, inclusive. The 2ÂCO 2 and 3ÂCO 2 scenarios represent model outputs for the 2040-2060 and 2080-2100 periods, respectively. Daily noon meteorological variables were used, and temperature and precipitation were adjusted according to the procedure outlined by Flannigan et al. (2005) .
Fuel consumption density
The FBP System model gives estimates of daily fuel consumption for Canadian fires based on regression relationships with fire weather variables (Forestry Canada Fire Danger Group 1992) . These relationships were developed for each of the FBP fuel types, based on a population of prescribed fires. Previously, Amiro et al. (2001) used the FBP System to calculate the daily fuel consumption for Canadian fires in the 1959-1995 period for each ecozone. However, additional data have been collected on Canadian fires since the development of the FBP System models, especially on wildfires that occurred after extended drying periods. de Groot et al. (2009) reanalysed the previous data sets with the additional data and developed a relationship that is independent of fuel type. This relationship only estimates forest floor fuel consumption, which would likely be more affected by a change in soil moisture than would be crown fuel consumption in a future climate. The relationship was derived from data at 128 sites representing six large experimental burning projects and seven large wildfires in Ontario, Manitoba, Saskatchewan, Alberta, the Northwest Territories, and the Yukon. Mean forest floor consumption ranged from 0.1 to 3.9 kg dry fuelÁm -2 . Combining all the data, de Groot et al. (2009) could explain 50% of the variance using the following equation: where C is surface fuel consumption density (kilograms dry fuel per square metre), F is the fuel load (kilograms dry fuel per square metre), and D is the Drought Code from the FWI System (Van Wagner 1987) . If the wildfires were excluded, the R 2 value increased to 0.72 because of the greater scatter among wildfire data at the higher Drought Codes. This scatter is probably partially caused by an inability to obtain prefire data that accurately reflects the conditions before the wildfires, although some of the variability is likely real. To solve eq. 1, we derived the Drought Code at noon daily for each scenario following Flannigan et al. (2005) and used this estimate as a mean value for each ecozone. This value is a spatial mean of the grid cells for the GCM. Monthly means of the daily values were used to derive eq. 1 for each month from May to August. Although fires also occur outside of this period, this captures most of the fire season in Canada (Stocks et al. 2002) .
The fuel load term in eq. 1 is difficult to estimate. First, we need to set the fuel load to estimate the correct amount of forest floor fuel consumption. Second, we will assume that the fuel load does not change with a changing climate. Changes in forest fuels could occur with changes in forest type, differences in biomass accumulation, or changes in forest fire frequency and severity. The no-change assumption is likely not true, but it allows us to investigate the effect of changes in fire weather, independent of changes in forest fuels. de Groot et al. (2009) report mean fuel loads for each of the FBP fuel types. We used these mean fuel loads and the fraction of each fuel type in an ecozone to estimate an ecozone mean surface fuel load (Table 2) . Fuel type clearly determines the ecozone fuel load, with mean values ranging from 1.8 kgÁm -2 in the Taiga Shield west to 6 kgÁm -2 in the Boreal Shield east.
Fire weather
Equation 1 requires an estimate of the Drought Code. The Drought Code represents the moisture content of larger and deeper fuels with a time constant of 52 days (Van Wagner 1987) . Hence it reflects the ability of fires to burn deeply into organic soil and consume coarse woody debris. For both the weather database and the GCM calculations, the Drought Code was set to a value of 15 at the start of the fire season, which is the standard value. However, note that this value could be greater if very dry conditions persist over winter. We do not have sufficient knowledge to estimate the additional impact of climate change on this overwintering effect and therefore use a constant spring initial value for each scenario.
The GCM was run on a daily time step to estimate fire weather within each ecozone, based on the average weather for the 21 year period for each scenario. The Drought Code was calculated as a monthly mean, which includes all conditions, including periods when wet conditions prevailed and fires were likely not burning. Hence, the GCM-derived Drought Code would underestimate the conditions when fires were burning. Recognizing this limitation, we calculated the measured monthly mean Drought Code for the 1975-1995 period based on the weather that occurred with each fire recorded in the large-fire database (Stocks et al. 2002) for each ecozone. These fire weather variables represent the actual conditions when fires were burning and are a subset of the statistics presented by Amiro et al. (2004) . We then adjusted the GCM values using the relationship between the fire database records and the 1ÂCO 2 scenario, with a regression equation.
Total forest floor fuel consumption
The total monthly forest floor fuel consumption was calculated for each ecozone as the product of the forest floor fuel consumption density and the area burned for that ecozone (kilograms of dry fuel per month). This weighted the consumption by the area burned. Annual totals were then constructed as the sum for the four months (May to August). Summing across the annual totals for all ecozones gives an approximation of the total fuel consumed by Canadian fires. Previously, Amiro et al. (2001) did this for 15 ecozones, including two ecozones that were split into east and west sections. In the present study, we had insufficient information to apply the GCM to several of these ecozones because of either complex terrain or the small size of the ecozone. In addition, we have excluded the Hudson Plains ecozone because the very small number of weather stations limits our ability to estimate historical fire weather needed to scale the GCM estimates. Hence, we could only evaluate the Taiga Plains, Taiga Shield east and west, Boreal Shield east and west, and Boreal Plains. These ecozones represent 86% of the total emissions for Canada during the 1959-1999 period ). Note: All R 2 values are significant at P < 0.01. The variables (unitless unless specified) are mtemp, monthly mean air temperature (8C); xtemp, monthly maximum air temperature (8C); mdmc, monthly mean Duff Moisture Code; xdmc, monthly maximum Duff Moisture Code; xbui, monthly maximum Buildup Index; xffmc, monthly maximum Fine Fuel Moisture Code; mdsr, monthly mean daily severity rating; tprec, monthly total precipitation (mm).
Emission factors for gases and particles
Estimates of total surface fuel consumption provide the basis for estimating emissions of gases and particles because these are usually based on the amount of fuel consumed. Hence the flux of compound i emitted by fires (M i , grams per square metre) is calculated as
where E i is the emission factor for compound i (grams of compound per kilogram of dry fuel). Some of the best measurements of these gases and particles have been obtained from Canadian fires (e.g., Cofer et al. 1990 Cofer et al. , 1998 Conny and Slater 2002) . Based on these data and additional information, Andreae and Merlet (2001) compiled an exhaustive list of emission factors from fires for a variety of gases and particles. We use their database for extratropical forests as an approximate indicator of the atmospheric loading of some important compounds. We specifically focus on the emissions of the following (associated mean values for E i provided in parentheses): CO 2 (1569), CO (107), CH 4 (4.7), total non-methane hydrocarbons (5.7), NO x (3.0), N 2 O (0.26), PM 2.5 (13), and total particulate matter (17.6).
Results
Area burned
We estimate that the area burned over the six major ecozones will increase by about one-third in a 2ÂCO 2 scenario and double in a 3ÂCO 2 scenario (Table 3) . These ecozones cover most of the northern forest area in Canada that experiences large fires. The estimates vary slightly among the ecozones, with the Boreal Shield west and Taiga Shield west having the greatest percent increases and the Taiga Plains, the smallest increase. Through all scenarios, the Boreal Shield west exhibits the greatest area burned.
This increase in area burned is weighted more towards May and June, especially in the 3ÂCO 2 scenario (Fig. 2) . This estimated change in seasonality indicates that the area burned in May will equal that burned in August in the 3ÂCO 2 environment, whereas May currently accounts for much less of the area burned yearly. For all scenarios, June has the greatest area burned.
Fuel consumption density
The GCM calculates monthly mean Drought Code values that reflect all conditions, even when it is too wet for fires to burn. We calculated the mean monthly Drought Code measured at weather stations within each ecozone during periods when fires were burning based on the data set of but for the 1975-1995 period only. These values were clearly related (R 2 = 0.96) with the GCM values for the 1ÂCO 2 scenario (Fig. 3) . Hence, we adjusted the GCM values for all three scenarios using the regression presented in Fig. 3 . The assumption is that the changes in the Drought Code for future scenarios would not exceed the dynamic range of the regression, and that this relationship would hold for all climates for these specific ecozones. Neither the Hudson Plains nor Boreal Cordillera ecozone followed this relationship for reasons given previously, and we do not expect that this regression is easily transferable to other ecozones.
For most ecozones, the forest floor fuel consumption density increases in the future scenarios by a few percent (Table 4 ). The maximum percent increase is for the Boreal Shield East ecozone, which shows an 18% increase in the Note: Fuel types are as follows: C1, spruce-lichen woodland; C2, boreal spruce; C3, mature jack or lodgepole pine; C4, immature jack or lodgepole pine; D, deciduous; M, mixedwood. The fuel types are defined by Forestry Canada Fire Danger Group (1992) , with ''C'' indicating a coniferous type, ''D'' indicating deciduous broadleaf type, and ''M'' indicating a mixed canopy with a coniferous component varying between 25% and 75%. The fraction of fuel types in each ecozone is taken from Amiro et al. (2001) , whereas the fuel load for each fuel type is from de Groot et al. (2009) . Note that some fractions may not add to unity because of rounding. 3ÂCO 2 scenario compared with the 1ÂCO 2 scenario. The Boreal Shield west ecozone shows no net change over the three scenarios. These changes are all caused by a change in the Drought Code, because the fuel load has been kept constant. Hence, conditions are projected to be slightly drier overall. The estimates were made as a monthly mean, and it is instructive to examine the changes and trends monthly. Figure 4 illustrates that the fuel consumption density increases from May to August in all ecozones, following the progression of the Drought Code (see Amiro et al. (2004) for seasonal trends in the Drought Code of Canadian fires). This progression is typically about a doubling of fuel consumption density in August compared with May. Further, the differences in fuel consumption density among the climate change scenarios are small compared with the seasonal variability. This demonstrates that fires late in the season have a much greater impact on emissions and fuel loss than early-season fires. Table 4 also compares forest floor fuel consumption density between the new fuel consumption model and that used previously by Amiro et al. (2001) . The Taiga Shield ecozones give slightly lower values using the new model, but the other four ecozones give higher values. Overall, the new model produces higher fuel consumption values for the 1ÂCO 2 scenario as well as for current conditions in Canada.
Total fuel consumption
The full impact of emissions is estimated as the product of the fuel consumption density and the area burned in each month, then totalled for the four months (Table 5 ). The overall increase in forest floor fuel consumption for the six ecozones is 34% for the 2ÂCO 2 and 94% for the 3ÂCO 2 scenarios. These percent increases are essentially the same as those obtained for the area burned (Table 3) because of the small effect on fuel consumption density (Table 4) . Table 5 also reports a previous estimate by Amiro et al. (2001) for the same ecozones that includes both surface and crown fuel consumption, averaged over the 1959-1995 period. The use of the new fuel consumption model clearly leads to higher surface fuel consumption values compared with the method of Amiro et al. (2001) .
Emissions of gases and particles
The estimates of fuel consumption from each ecozone allow us to estimate emissions of several constituents of atmospheric interest (Table 6 ). These totals are only for the six ecozones, but likely represent about 86% of the emissions from Canadian fires ). The amount of CO 2 emitted is estimated to increase from about 95 TgÁyear -1 in the 1ÂCO 2 scenario to 183 TgÁyear -1 in the 3ÂCO 2 scenario. The emission factor for CO 2 used here scales to about 0.43 kg CÁ(kg dry fuel) -1 , which is slightly less than the carbon fraction of 0.5 kg CÁ(kg dry biomass) -1 that is often used for a carbon loss fraction from fire (e.g., Kurz and Apps 1999; Amiro et al. 2001) . Carbon monoxide emissions are about 7% of the CO 2 emissions, but the relative amount of CO depends on the mix of flaming and smouldering combustion (e.g., Cofer et al. 1998) . Although methane and non-methane hydrocarbon emissions are less than carbon oxide emissions, together these compounds release 1 TgÁyear -1 in the 3ÂCO 2 scenario. The methane molar CO 2 equivalent warming potential over a 100 year period is greater by a factor of about 25 than the warming potential for CO 2 (Forster et al. 2007) , so that the contribution of methane to the greenhouse gas mass equivalent will be about 20% of that of CO 2 .
Oxides of nitrogen are also important. Nitrous oxide, in particular, could be released at 30 GgÁyear -1 in the 3ÂCO 2 scenario, and with a molar equivalent to CO 2 of about 298 (Forster et al. 2007 ), it will be about 5% of the greenhouse gas mass equivalent of CO 2 . Total particulate matter loading is about 2 TgÁyear -1 for the 3ÂCO 2 scenario, with about 75% of this particle matter less than 2.5 mm in size.
Uncertainty and sensitivity
Most of the increase in fuel consumption with climate change is expected to be caused by a change in the area burned (Table 3) , with much less resulting from changes in fuel consumption density (Table 4) . Hence, the uncertainty in area burned will have a greater impact on estimates of fire emissions. Our best estimate of uncertainty is likely based on a comparison among different GCMs. Flannigan et al. (2005) compared results for area burned for different ecozones using both the Canadian and Hadley GCMs. The Hadley GCM estimated a 27% greater area burned than the Canadian GCM for the 3ÂCO 2 scenario for the six ecozones used in the present paper. Although this result does not give us a true measure of uncertainty, it does indicate the magnitude with which GCMs vary when estimating area-burned projections. It is also important to note that our regressions for area burned only account for 30% to 58% of the variability (Table 1) .
Fuel consumption density is assumed to be a function of the Drought Code and fuel load (eq. 1) based on a recent reanalysis of the Canadian fire data (de Groot et al. 2009 ). This model is clearly different from the previous model used by Amiro et al. (2001) , which was dependent on fuel type and the Buildup Index, both components of the FBP system. The Buildup Index incorporates both the Drought Code and the Duff Moisture Code, so there is some relationship between the two models. We have uncertainty in the applicability of any fuel consumption model to general wildfires in Canada because of the large variability among fires and only limited data sets where measurements have been taken. The model of de Groot et al. (2009) explained 50% of the variation among all fires in the data set, although it did much better for the experimental fires alone. We also needed to scale the GCM-derived Drought Code to the Drought Code that occurs during fires (Fig. 3) . The regression for this relationship had R 2 = 0.96, suggesting that we know this within about 4%.
It is difficult to estimate fuel loads over a broad geographical area such as an ecozone. Our method used the fuel classification estimates from Amiro et al. (2001) , which were based on forest inventory data. The fuel load was then based on a mean load for each type, weighted by the fractional coverage of each fuel type. de Groot et al. (2009) give standard deviations for the fuel loads used in the derivation of the fuel consumption equation. The coefficient of variation (CV) ranges from 15% for the C4 (immature pine) fuel type to 48% for the C3 (mature pine) fuel type. The C2 (boreal spruce) fuel type had a CV of 42%. This fuel type is likely the most indicative of the overall uncertainty because of its prevalence in ecozones that have large burned areas (Tables 2, 3 ). Hence we assume that the uncertainty in the fuel load is 42% and that the fuel classification does not add additional uncertainty. It is important to note that this uncertainty is based on variability among sites, and it is likely that the uncertainty in a broad ecozone average of all fires could be much less because of spatial averaging.
We estimate the overall uncertainty based on the errors of 27% for area burned (±11 628 km 2 ), 50% for the fuel consumption equation, 4% for Drought Code adjustment, and 42% for the fuel load uncertainty as the CV. As an example, if all parameters are varied by their range of uncertainty, the sum for the 3ÂCO 2 scenario for the six ecozones yields a change in total fuel consumption from 117 Tg dry fuel (Table 5) to as high as 289 Tg dry fuel (+150%) or as low as 47 Tg dry fuel (-60%). Andreae and Merlet (2001) report uncertainties for emission factors (Table 6 ). These range from about 8% for CO 2 to 80% for non-methane hydrocarbons. The total emissions scale with the emission factors so that these additional uncertainties need to be added to the uncertainty in fuel combustion and area burned to evaluate the overall emission uncertainty. Also note that the linear scaling allows for a transparent conversion if alternate emission factors are used.
Discussion
Estimates of fuel consumption from Canadian fires
In a previous assessment, Amiro et al. (2001) used the FBP system to estimate fuel consumption for Canadian ecozones. This system calculates fuel consumption based on fire weather with equations that are dependent on fuel type. This approach is different from alternative approaches that estimate fuel consumption as a constant fraction of available fuel (e.g., Wiedinmyer et al. 2006) . In these other calculations, weather is not a variable, implying that the depth of fire burn does not change with fuel moisture conditions. Such a constant fractional assumption also implies that a changing climate will not change fuel consumption, except if there are climate-related changes to the fuel loading. The reanalysis by de Groot et al. (2009) indicates that both weather (through the Drought Code) and fuel load are important. However, the predictive accuracy of the model decreased at higher fuel consumption values because of variability in the wildfire data set. This variability imposes additional uncertainty and is likely caused by a mixture of real variability among fires, our ability to properly characterize fuel consumption for wildfires, and our ability to estimate fire weather conditions at wildfires after they have occurred. The evidence from prescribed fires is more reliable, but it is difficult to conduct experimental burns under extreme fire weather conditions similar to those that prevail during wildfires. The variability suggests that it might be very difficult to observe a climate change impact on fuel consumption density, negating even the very small percent change calculated using the model and the GCM weather projections. This would mean that most of the change in emissions will come from changes in area burned. Figure 5 illustrates the relative contributions of weather and fuel over the mean range of Drought Code values for each ecozone with the different mean fuel loads for each ecozone. This comparison shows that the seasonal change in Drought Code from May to August has about a twofold effect on fuel consumption for any given fuel loading. However, it also shows that the fuel load effect among the different ecozones is also about a twofold effect at similar Drought Code values. The conclusion is that both fuel load and weather are about equally important for estimating fuel consumption with some confidence. This finding is supported by anecdotal information from forest fire management personnel, who commonly evaluate the potential depth of burn based on both the available fuel and the Drought Code. This knowledge is used to estimate the difficulty of extinguishing surface fires in wildfire and prescribed fire situations. It is important to note that we have used the default algorithm for the Drought Code, which resets the values to 15 at the start of the spring fire season. Under very dry spring conditions, fuel consumption could be higher than we have estimated.
Tables 2 and 4 also provide information for calculating fractional forest floor fuel consumption for comparison with other studies. The mean fractional consumption for all ecozones is 0.57 for the 1ÂCO 2 and 0.62 for the 3ÂCO 2 scenarios. However, individual ecozones vary from less than 0.4 to greater than 0.8. Recently, Balshi et al. (2007) estimated carbon losses from fire across the boreal region of North America and Eurasia. They used the fractional estimates of French et al. (2000) for Canadian ecozones. These estimates have separate aboveground and ground-layer fractions and densities, and the fractional loss is therefore not easily convertible to the fuel loads given in Table 2 . However we can compare our fuel consumption density values with those of French et al. (2000) , which are 2.92 kgÁm -2 for Taiga Plains, 0.97 kgÁm -2 for Taiga Shield west, 1.55 kgÁm -2 for Taiga Shield east, 2.09 kgÁm -2 for Boreal Shield west, 2.59 kgÁm -2 for Boreal Shield east, and 3.79 kgÁm -2 for Boreal Plains. With the exception of the Boreal Shield east, the values presented here are all slightly greater than those of French et al. (2000) , but the mean ecozone difference is only 6%.
We reanalysed the data of Amiro et al. (2001) to estimate forest floor fuel consumption density for the 1975-1995 period for the six ecozones. This analysis gave a mean fuel consumption density of 2.02 kgÁm -2 , which is about 75% of the mean value of 2.7 kgÁm -2 estimated using the de Groot et al. (2009) (2001) method but increased the total fuel consumption density by 50% of the standard deviation, which is about an additional 0.5 kgÁm -2 . The new model would suggest that this might still be an underestimate, especially if we add about an additional 0.3 kgÁm -2 as crown fuel consumption (Amiro et al. 2001) .
In addition to the estimated uncertainties, potential bias is important to consider. The comparison of Flannigan et al. (2005) for projected area burned between only two GCMs indicates that the Canadian GCM is biased towards a lesser area burned compared with the Hadley model. The area burned was correlated with fire weather, and we could extend this comparison to suggest that the Canadian GCM might also bias the Drought Code to lower values. The implications are that we may be underestimating the fuel consumption and emissions for future scenarios. The current study only reports consumption and emissions for the boreal and taiga ecozones in Canada. If we assume that our new values scale nationally with the relative distribution reported by Amiro et al. (2001) , these boreal and taiga ecozones account for about 86% of the total emissions from all Canadian forests. In addition, the surface fuel consumption is about 85% of the total fuel consumption, once the crown fuel component is added. Hence, the total Canadian forest fire fuel consumption and emissions can be estimated by increasing the sum of the six ecozone values by 36% (i.e., 18% for the crown fuel component compounded by 16% for the additional ecozones). We have shown this in Table 6 as our best overall estimate of greenhouse gas emissions.
Our values represent the general forest but are likely biased towards upland sites. Turetsky et al. (2004) concluded that fires do not burn preferentially in upland areas compared with bogs and fens in central Alberta. In addition, large fires tend to burn a greater percentage of peatlands (Flannigan et al. 2008) . The area-burned estimates do include peatlands, since they were developed from observations of fire size for the whole landscape. However, we need to evaluate whether our ecozone mean estimates of fuel consumption density also include peatlands. Turetsky and Wieder (2001) and Turetsky et al. (2002) estimate that peatland fuel consumption densities can be greater than 6 kg dry fuelÁm -2 but averages over large areas of western Canada are typically in the range of 0.4 to 2.4 kgÁm -2 (Turetsky et al. 2006 ). This rate is similar to our ecozone mean values shown in Table 4 . The use of the Drought Code as the weather indicator likely works Note: The data from Amiro et al. (2001) are for the 1959-1995 period for both surface and crown fuel combustion, for comparison.
well for estimating depth of burn in peatlands. In particular, spring fires with low Drought Codes will not burn deeply, so that fuel consumption in the peatland is likely similar to that in upland areas. Alternatively, high water tables in peatlands in spring reduce the area of dry fuel. However, in late summer, deep burning fires would be expected with fuel consumption density greater than the ecozone mean. In the worst cases, these fires could smoulder over winter and burn again in spring. These deep-burning fires can be a great concern, not only because of the amount of carbon that is lost from the ecosystem, but also because of the emission of mercury that has accumulated in the peat (Turetsky et al. 2006) .
We used emission factors from Andreae and Merlet (2001) as the single compendium for greenhouse gases and other constituents. These values are based on the general literature and may not be the best estimates for specific Canadian boreal fires. For example, the carbon content of fuels reported by de Groot et al. (2009) for Canadian wildfires range from 0.41 to 0.54 kg CÁ(kg dry biomass) -1 , with the best overall estimate being about 0.48 kg CÁ(kg dry biomass) -1 . This estimate is slightly greater than the value of 0.43 kg CÁ(kg dry biomass) -1 derived from the Andreae and Merlet (2001) CO 2 emission factors. As mentioned previously, the emission factors for CO depend on the relative amounts of flaming and smouldering combustion, with smouldering combustion having about twice the CO emission factor of flaming combustion (Cofer et al. 1990) . Although the ratio of smouldering to flaming combustion can be adjusted as a function of the depth of burn (Kasischke et al. 2005) , the mean value from Andreae and Merlet (2001) is based on several studies of atmospheric sampling, so it includes a mixture of conditions measured over fires.
Impact of a changing fire regime on the forest
In this study, we have evaluated the potential effect of a changing climate on the area burned and the fuel consumption caused directly through drying of fuel. We have assumed that the fuel load does not change for the future scenarios. This assumption allows the evaluation of the direct climate impact alone, but likely overlooks changes to the forest that will occur over the next century. Changes in fuel load are very difficult to predict. Much of the assessments to date suggest that forest growth may increase with a changing climate but changes to the moisture balance also have important effects (Field et al. 2007 ). Our uncertainty is sufficiently great that it is more reasonable to maintain the assumption of no change in forest fuel load associated with changes in ecosystem production. However, an increase in area burned will change the fire cycle with likely implications for changes in the amount of fuel available for subsequent fires. Although there are data on the change in detrital material and fuel loads along boreal fire chronosequences (Wang et al. 2003) , there is no information on changes to boreal fuel loads with a change in fire frequency. Fuel loads (Fig. 2) . Note: The emission factors are from Andreae and Merlet (2001) for extratropical forests. Calculation of CO 2 equivalent uses a 100 year time horizon (Forster et al. 2007 ). Canada-wide totals (last row) include a 36% increase to account for non-boreal fires and crown fuels.
will possibly decrease if fires return to the same location at an increased frequency, although the amount of coarse woody debris is relatively constant after a few decades (Hely et al. 2000) . With the 3ÂCO 2 scenario projected to occur on the scale of about one century, we could expect areas to burn more than once. An approximation of this effect would be that the fuel load decreases at the same rate as the area burned increases. This relationship would imply a potential for fuel loads in a 3ÂCO 2 scenario to be only 50% of those today. This amount is likely an overestimate because fuel load evolution is nonlinear, with the duff layer slowly developing and coarse woody debris peaking soon after the previous fire (e.g., Wang et al. 2003) .
The effects of climate change on fuel consumption and carbon
We have only evaluated forest floor fuel consumption because we expect that it will be more affected by warmer and drier conditions than crown fuel consumption. The current Canadian crown fuel consumption model includes weatherdetermined variables, such as foliar moisture content, fire rate of spread, and forest floor fuel consumption (Forestry Canada Fire Danger Group 1992) . In a warmer and drier climate, we would expect greater crown consumption, assuming no change to the forest canopy itself. However, a 10% increase in crown consumption will increase the total forest fuel consumption by less than 2% because the burning process is dominated by forest floor fuel consumption. If better forest canopy models are developed, we could investigate the additional role of crown fuel consumption in a changing climate, but the contribution of crown fuel consumption will still likely be less than our uncertainty in the forest floor fuel consumption estimates.
The future climate scenarios suggest that fuel consumption will increase overall by 34% in the 2ÂCO 2 scenario and 94% in the 3ÂCO 2 scenario. However, most of this increase is caused by an increase in the area burned. A recent analysis also suggests that the number of fire starts may increase with a changing climate, which could further increase the area burned (Krawchuk et al. 2009 ). The ability of fire management agencies to cope with these increases in fire activity is limited because these organizations operate with a narrow margin between success and failure, and a disproportionate number of fires may escape initial attack under a warmer climate. This situation could cause an increase in area burned that will be greater than the corresponding increase in fire weather severity, highlighting the need to search for the best estimates of area burned by fires in Canada. However, there could be some additional climate change impacts on fuel consumption density. A changing climate may alter forest hydrology, perhaps creating wetter landscapes in some areas and drier landscapes in others. There will likely be many forest management changes over the next century, some of these in response to a changing climate. In addition to fire suppression, management of insects and fuel (continuity, type, amount) could impact both area burned and fuel consumption density.
In the present analysis, we have only evaluated fires in the May to August part of the fire season. For boreal Canada, this period covers the majority of the current fires. A warming climate will likely extend the fire season into the spring and the fall (Wotton and Flannigan 1993) , increasing the area burned and the fire emissions. Figure 2 shows that the area burned earlier in the season will likely increase, with May fires being a more important factor. Both the Drought Code and fuel consumption density are lower in the spring (Fig. 4) , suggesting that this change will have a smaller effect than would an increase in late-season fires. In addition, earlier springs could also cause vegetation to become greener earlier, which would be a negative feedback (inhibiting fire) that is not considered in our estimates. We do not yet have estimates of the magnitude of this impact on emissions using the current generation of GCMs. However, the additional amount is likely within the upper bounds of the uncertainty.
Recently, Kurz et al. (2007) compared the possible disturbance effects with the potential increases in growth with a changing climate. The projected increases in area burned are more important than the potential enhanced growth, resulting in a net carbon loss from Canadian forests in the future.
Emissions of greenhouse gases and particles
The current CO 2 emission from the six ecozones is about 95 TgÁyear -1 (Table 6) , and if we scale this to include all Canadian forest fires plus the crown fuel component, we estimate that about 129 Tg CO 2 are released annually, on average. The global warming potential from methane and nitrous oxide over a 100 year horizon adds an additional 25% in CO 2 equivalent, with methane being about four times more important than nitrous oxide.
The anthropogenic emissions of greenhouse gases from Canadian sources in 2005 were about 747 TgÁyear -1 of CO 2 equivalent (Environment Canada 2007) . Under the 1ÂCO 2 scenario, we estimate greenhouse gas emissions from fires of about 162 TgÁyear -1 of CO 2 equivalent, which represents about 22% of the anthropogenic emissions, on average. However, in the 3ÂCO 2 scenario, the fire contribution is estimated to increase to about 313 TgÁyear -1 of CO 2 equivalent. Hence, the potential emissions from fire will be an important contribution to total emissions, especially if Canada's industrial greenhouse gas emissions are much lower by the time we reach a 3ÂCO 2 environment. Randerson et al. (2006) have combined estimates of the radiative forcing properties of fires, including the emissions effects, as well as the postfire effects on surface albedo. They conclude that boreal fires could cause a net radiative cooling of -2.3 WÁm -2 , with an uncertainty of ±2.2 WÁm -2 . This net cooling is largely driven by an increase in the surface albedo following fires. For their calculations, Randerson et al. (2006) used a surface fuel consumption of 2.7 kgÁm -2 , including both the organic layer of the soil and plant understory. This value is in the same range as those calculated in our Table 4 , and given the relatively small expected change in fuel consumption density in future climates, we could surmise that in the future, radiative forcing may not be much different than it is today on a per-area basis. If the estimates of Randerson et al. (2006) are correct, the projected increase in area burned could actually be a negative feedback to climate change. However, there is sufficient complexity in the earth-atmosphere system that such projections are difficult, and therefore we need to improve the detailed understanding of all mechanisms.
Conclusions
We have calculated new estimates for fuel consumption for the taiga and boreal ecozones of Canada. These estimates are slightly greater than the previous estimates and are based on both fuel loading and fire weather. This method has been applied using climate change scenarios for 2ÂCO 2 and 3ÂCO 2 environments, which are expected to be experienced in the twenty-first century. The area burned is projected to increase over time, eventually doubling by the 3ÂCO 2 case. There already appears to be a trend in increasing area burned over past decades that is correlated with a changing climate (Gillett et al. 2004 ). We also expect that fires will burn deeper and consume more fuel on an areal basis because of warmer and drier weather through much of the northern ecozones. However, the deeper-burning effect is relatively small, increasing fuel consumption by between 0% and 18%, depending on ecozone. Hence, changes in area burned have the greatest impact, doubling in the 3ÂCO 2 climate. These results suggest that fire management will continue to be important in the future to protect values at risk, human health, and ecological integrity. The net climate change effect is still uncertain when greenhouse gas emissions are balanced with radiative forcing caused by landscape change. However, the emissions of many other constituents, such as smoke (Begum et al. 2005) , CO (Wotawa and Trainer 2000) , mercury (Turetsky et al. 2006) , and other compounds will likely increase in the future and may be the target for fire control in Canadian forests.
